Abstract: Polysaccharide-based aerogels in the form of microspheres were investigated as carriers of poorly water soluble drugs for oral administration. These bio-based carriers may combine the biocompatibility of polysaccharides and the enhanced drug loading capacity of dry aerogels. Aerogel microspheres from starch, pectin and alginate were loaded with ketoprofen (anti-inflammatory drug) and benzoic acid (used in the management of urea cycle disorders) via supercritical CO2-assisted adsorption. Amount of drug loaded depended on the aerogel matrix structure and composition and reached values up to 1.0×10-3 and 1.7×10-3 g/m2 for ketoprofen and benzoic acid in starch microspheres. After impregnation, drugs were in the amorphous state in the aerogel microspheres. Release behavior was evaluated in different pH media (pH 1.2 and 6.8). Controlled drug release from pectin and alginate aerogel microspheres fitted Gallagher-Corrigan release model (R2>0.99 in both cases), with different relative contribution of erosion and diffusion mechanisms depending on the matrix composition. Release from starch aerogel microspheres was driven by dissolution, fitting the first-order kinetics due to the rigid starch aerogel structure, and showed different release rate constant (k1) depending on the drug (0.075 and 0.160 min-1 for ketoprofen and benzoic acid, respectively). Overall, the results point out the possibilities of tuning drug loading and release by carefully choosing the polysaccharide used to prepare the aerogels.
HIGHLIGHTS
-Polysaccharide aerogel microspheres are investigated as carriers of drugs for oral administration -Aerogels were loaded with ketoprofen and benzoic acid, poorly water soluble model drugs -Starch, with the lowest specific surface area, was more prone to adsorb drug molecules -Release of ketoprofen from alginate and pectin aerogel particles was sensitive to pH of the medium -Results point out the possibilities of polysaccharide aerogels of tuning drug loading and release and benzoic acid (used in the management of urea cycle disorders) via supercritical CO 2 -assisted 23 adsorption. Amount of drug loaded depended on the aerogel matrix structure and composition and 24 reached values up to 1.0×10 -3 and 1.7×10 -3 g/m 2 for ketoprofen and benzoic acid in starch 25 microspheres. After impregnation, drugs were in the amorphous state in the aerogel microspheres. 26
Release behavior was evaluated in different pH media (pH 1.2 and 6.8). Controlled drug release from 27 pectin and alginate aerogel microspheres fitted Gallagher-Corrigan release model (R 2 >0.99 in both 28 cases), with different relative contribution of erosion and diffusion mechanisms depending on the 29 matrix composition. Release from starch aerogel microspheres was driven by dissolution, fitting the 30 first-order kinetics due to the rigid starch aerogel structure, and showed different release rate constant 31 (k 1 ) depending on the drug (0.075 and 0.160 min -1 for ketoprofen and benzoic acid, respectively). 32
Introduction 38
Bio-based materials may become key formulation ingredients for the engineering of delivery systems 39 processes enable the cost-effective obtaining of natural polysaccharides in large-scale, rendering them 47 solvent exchange. Finally, aerogel microspheres were obtained by scCO 2 -assisted drying. The 121 operating conditions used in this work for the preparation of aerogel microspheres correspond to the 122 ones reported in the literature leading to the highest (or close to the highest) specific surface area 123 values so far for each aerogel case using processing approaches compatible with the intended 124 application (i.e., oral drug delivery). Operating conditions for the processing of the aerogel 125 microspheres were chosen so that mean pore diameters in the range 14-18 nm were obtained in all 126
cases to neglect the effect of this variable in the study. For more detailed instructions on the 127 preparation of the aerogels, please refer to the Appendix A in Supplementary Data section. 128
Ketoprofen and benzoic acid supercritical impregnation 129
Alginate, starch, silica or pectin aerogel microspheres (0.12 g) and active compounds (0.12 g of 130 ketoprofen or benzoic acid) were wrapped separately in filter paper cartridges. Then, a set of two 131 cartridges (one containing microspheres and the other with the drug) were placed in one of the reactors 132 of the apparatus sketched in Figure 1 . Control trials (one reactor containing a drug cartridge alone and 133 other containing one cartridge for each aerogel type) were carried out in the two remaining reactors. 134
Experiments were carried out in duplicate. The supercritical impregnation setup used for these 135
experiments not only provides a high-throughput trial program by means of its six reactors arranged in 136 parallel (namely, six experiments can be carried out at the same time), but also improves the 137 reproducibility of the experiments since all trials from the same batch series share the same CO 2 138 pressurization/depressurization cycle and heat transfer histories. scCO 2 to neglect the effect of aerogel microparticle size in the drug loading achieved. Impregnation 143 conditions were kept constant under agitation at 500 rpm. 144
Aerogel microsphere characterization 145
Specific surface area of the bare aerogel microspheres was quantified from low-temperature N 2 146 adsorption-desorption data (Nova 3000e, Quantachrome, USA). Prior to measurements, samples were 147 dried for 20 h under vacuum (<1 mPa) at 60ºC for alginate and pectin, 80ºC for starch and 200ºC for 148 silica aerogels. Mean particle size of wet gel microspheres dispersed in ethanol was estimated by 149 means of laser diffraction spectrometry (Beckman Coulter LS1332) and using similar obscuration 150 values (9-11%) for all samples. Morphology of the polysaccharide aerogel microspheres as well as 151 silica microspheres was evaluated using scanning electron microscopy (SEM, Leo Zeiss 1530, 152 Germany). Morphology and physical integrity of aerogels in contact with water were monitored with 153 aid of high-speed camera by depositing 100 picoliter-water droplets on microsphere surfaces (DSA 154 100M provided by Krüss GmbH, Germany). X-ray diffraction analysis (XRD, Siemens D500 155 diffractometer equipped with a diffracted beam monochromator, Germany) of the drug-loaded and 156 unloaded microspheres as well as aerogel-plus-drug physical mixtures was carried out using a 157 position-sensitive detector and CuKα radiation within the range of 2° to 40° 2θ and a step size of 0.05º. 158
For determination of drug entrapment efficiency, drug-loaded microspheres (10-50 mg) were 159 dispersed in a known volume of ethanol (sink conditions) and sonicated for 30 min, which was 160 enough for complete drug release. Afterwards the solution was filtered through a 0.22 µm membrane 161 filter (Millipore syringe filter, PTFE, EW-29950-42, Cole-Parmer, USA) and the absorbance at 255 162 nm (ketoprofen) or 227 nm (benzoic acid) measured (Evolution 300 UV spectrophotometer, Thermo 163 Scientific, USA). 164
In vitro drug release 165
Dissolution test was conducted according to the Ph. Eur. guidelines in 0.1 M phosphate buffer saline 166 (PBS, simulated intestinal fluid, pH 6.8) or in 0.1 N HCl (simulated gastric fluid, pH 1.2) solutions 167 using a paddle apparatus (Sotax At7, Allschwil, Switzerland) with a constant agitation speed of 100 168 rpm at 37 °C. Drug-loaded aerogel microspheres (20-50 mg) were immersed in jars containing 900 mL 169 buffer medium (sink conditions). Samples (2 mL) were withdrawn at determined time intervals and 170 filtered through a 0.22 µm membrane filter. Each drug release test lasted for 24 h and was run in 171 duplicate. Drug concentration was determined by means of UV spectrophotometry, as described in 172 section 2.4. 2012). Resulting aerogels showed low density (ρ<0.25 g/cm 3 ), high porosity (ε>85%) and high 184 specific surfaces area (>100 m 2 /g, Table 1 ). Specific surface areas of pectin and alginate aerogels were 185 much higher than those of starch aerogels, but still significantly lower than that of silica aerogel. The 186 values for the specific surface area depend on the three-dimensional structure of the gel, which is 187 mainly governed by the degree of crosslinking of the gel (García-González, Alnaief & Smirnova, 188 2011). For starch aerogels, higher specific surface area is accordingly obtained by using a high 189 amylose content starch source that provides a less-ordered amorphous network structure, a gelation ratio as in the drug-impregnated aerogels; thus it was discarded that the XRD sensitivity was not high 212 enough to detect the presence of drug crystals in the drug-loaded aerogels. Moreover, control trials 213 with the drugs processed at the same supercritical operating conditions used for drug impregnation in 214 aerogels show neither change in the XRD-pattern with respect to the raw drug nor the appearance of 215 any polymorph of the drug. Amorphisation of the drug loaded in the aerogel matrices should be linked 216 to the impregnation process itself. 217
Contact angle measurement test by applying a water droplet to the aerogel microsphere surfaces was 218 used to determine their hydrophilicity/hydrophobicity as well as to get an indication of the aerogel 219 structure integrity behavior and morphology in presence of water. Due to the porous structure of 220 aerogel microspheres, water droplet was absorbed into the network and disappeared in few 221 milliseconds (Fig. 4) . Afterwards, polymer erosion occurred for aerogels and the structure collapsed at 222 different velocities and intensities depending on the type of polymeric material. Starch microspheres 223 showed more resistance against hydration, whereas silica and pectin microspheres were prone to a 224 rapid collapse of the porous network once in contact to water. Any conclusion can be poorly derived 225 for alginate microspheres based on the sensitivity of the measurement method due to the small 226 diameter of the aerogel, although a sudden material collapse seems to appear just after water 227 deposition ( Fig. 4-bottom center) . The observed pore collapse is a physical degradation taking place 228 due to mechanical stresses: upon contact with an aqueous medium and due to the liquid/air interfacial 229 surface tension, the open nanoporous structure of hydrophilic aerogels allows the penetration of water 230 therein resulting in large capillary forces taking place and inducing compression stresses enough to 231 collapse the aerogel network (Hüsing & Schubert, 1998 
Drug entrapment efficiency 238
Ketoprofen and benzoic acid were loaded into the aerogels by supercritical impregnation. The 239 preference for supercritical impregnation of aerogels rather than other drug loading techniques (e.g., 240
before gelation or during solvent exchange) stems from the poor solubility in water and good 241 solubility in scCO 2 of these drugs, thus leading to higher drug loadings of the aerogels in the former 242 case (García-González, Alnaief & Smirnova, 2011). As a rule-of-thumb, the highest drug loading 243 capacities of aerogels are usually correlated with the largest specific surface area. Accordingly, silica 244 aerogel microparticles had the highest drug loading for both ketoprofen and benzoic acid, among the 245 four types of microspheres tested (Table 1) . Nevertheless, drug loading of alginate, starch and pectin 246 microparticles did not obey the same tendency and was also dependent on the drug to be loaded. 247
Moreover, starch aerogel microspheres were more prone to adsorb drug molecules since they 248 presented the highest specific loading capacity for ketoprofen among the aerogels tested. These 249 findings suggest that, apart from specific surface area, other factors such as surface chemistry and 250 API-aerogel carrier interaction may also influence the drug adsorption when using different sources of 251 polymer matrices and thus determining the percentage of drug loading in the aerogel. Specific loading 252 values for ketoprofen were lower than those expected for a monolayer coverage (1.7-2.1×10 -3 g/m 2 ) in 253 all cases. Ketoprofen adsorption coverages in the aerogels below the monolayer coverage might be 254 explained by surface hydroxyl group density in the aerogel and the competitive physisorption of CO 2 255 molecules during the supercritical fluid-assisted impregnation process (Gorle, Smirnova & Arlt, 2010 ; 256
Tripp & Combes, 1998). Ketoprofen interacts with hydroxyl groups in the aerogel by hydrogen 257 bonding through the carbonyl and carboxyl groups present in this drug molecule (Lozano & Martínez, 258 2006) . The density of OH groups in starch aerogels is estimated to be 4-10 times higher than that of 259 silica aerogels (García-González, Camino-Rey, . Starch is also the 260 only polysaccharide used in this study without acid groups in its molecular structure, thus avoiding the 261 electrostatic repulsions of the drug molecules that may take place for the other polysaccharides. 262
Stronger chemical interaction between the adsorbed drug molecules and the starch matrices might be 263 thus behind the observed behavior of high ketoprofen specific loadings compared to the other aerogels. stems from the ability of evaporation of the drug at a given temperature to access the amylose helical 271 structure and form the inclusion complex, observed through the appearance of XRD peaks at 6.8, 12.9, 272
18.0º 2θ in the case of benzoic acid. Analogously, the supercritical impregnation process might be a 273 low-temperature alternative to the sealed-heating process able to incorporate the benzoic acid in the 274 helical amylose cavities due to the inherently low viscosity and high diffusivity of the supercritical 275 solutions containing the drug. Evidences of inclusion formation by XRD in the benzoic acid-loaded 276 starch aerogel cannot be confirmed in Fig 3e due to the low degree of crystallinity of the sample 277 arising from its high amylose content and low hydration (Cheetham & Tao, 1998) . Nevertheless, the 278 presence of an incipient peak at 18.0º 2θ (as indicated by an asterisk in the figure), main diffraction 279 peak of benzoic acid-7 1 -helix structure amylose inclusion complex, seems to indicate the formation of 280 an inclusion complex between benzoic acid and the starch (amylose) matrix. For the other aerogels 281 patterns were observed in all cases, i.e. an initially fast dissolution rate during the first two hours was 294 followed by a sustained release up to reaching a plateau. During these two hours, alginate and pectin 295 microspheres released ca. 80% of the total ketoprofen impregnated, whereas starch microspheres 296 released only 54.5%. The faster release rate of alginate and pectin microspheres in comparison to 297 starch ones may stem from the matrix interaction with the aqueous medium and also from the weaker 298 drug-matrix interactions. Pectin (Vaclavik & Christian, 2007) and alginate (Berger, Ludwig & Wielich, 299 1953) are proved to be highly hydrophilic leading to rapid collapse of the aerogel porous network in 300 aqueous medium; thus, amorphous drug molecules can be released to the buffer solution. Besides, the 301 different drug release rate from alginate and pectin microspheres in comparison to that from starch 302 microparticles may stem from the higher specific surface areas of the former ones ( Table 1 ). The 303 slightly incomplete release observed for pectin microspheres (82.02 % at 1440 min) compared to 304 alginate ones, can be explained by the combination of lower specific surface area, larger particle size 305 of pectin and drug-matrix chemical interactions. 306
The release of ketoprofen contained in silica aerogel microspheres, a non-biodegradable polymeric 307 matrix, showed a prompt drug release (60% in the first 60 min) followed by a slow release of 2% 308 within the next 23 h (Fig. 5) . The high specific surface area of silica aerogels facilitates the release of 309 larger amounts of ketoprofen as a burst compared to the release of the drug from the polysaccharide 310 aerogels. The non-degradability of silica under the release conditions coupled to the dramatic blockage 311 of the drug in the inner core of the silica micropheres due to the porous network collapse observed for 312 these aerogels once in contact with water may hinder the release by diffusion of the remaining 313 ketoprofen to the surrounding medium. The criterion of only validating a correlation when R 2 >0.98 was adopted. 326
The Gallagher-Corrigan model fitted ketoprofen release from pectin aerogel microparticles (R 2 >0.999, 327 Table 2 ). This model fitting denotes a two-phase drug release profile, incorporating an initial burst 328 release (phase I) followed by a slower polymeric matrix bulk degradation (erosion)-controlled release 329 phase (phase II) (Gallagher & Corrigan, 2000) . During the phase I, a fraction of 25.0% of the total 330 non-crystalline drug (F B ) easily dissolved once the matrix comes into contact with the surrounding 331 aqueous medium, which meant that this fraction of drug was the most accessible one, being only 332 physically adsorbed to the external surface or in large pores of the aerogel matrix. Ketoprofen fraction 333 entrapped in the pectin microspheres represents 56.6% of drug molecules (F max -F B ) and is only 334 released out in the phase II after pectin aerogel matrix degradation. Moreover, pectin microspheres 335 provided a rapid release profile with a significantly higher simulated degradation kinetic coefficient 336 (k 2 =0.093 min -1 ) compared to diffusion kinetic coefficient (k 1 =0.023 min -1 ). This suggests a rapid bulk 337 degradation process, which is attributed to the high hydrophilicity and chemical instability of pectin 338 aerogels in pH 6.8 buffer solution. 339
For ketoprofen release from alginate aerogel microspheres, both Korsmeyer-Peppas and Gallagher-340
Corrigan models showed comparable fitting wellness (R 2 >0.99, Table 2 ). In this case, the diffusion 341 from alginate and pectin microsphere aerogels is summarized in Table 3 . 365
In contrast to drug release profiles at pH 6.8, alginate microspheres accelerated ketoprofen release at 366 simulated gastric pH conditions (Fig. 6) , which is consistent with previous reports (Radin, microspheres at pH 1.2 mainly follows a diffusion profile similar to that obtained at pH 6.8, but with a 373 higher value of the diffusion coefficient at pH 1.
374
Ketoprofen release from pectin microspheres at pH 1.2 (Fig. 7) was slower than at pH 6.8 during the 375 first 2 h, although again faster than the profile recorded for the free crystalline drug. After 2 h, drug 376 release rate at acidic conditions exceeded the release rate at neutral conditions, finally reaching 98% 377 drug released (compared to 80% released at pH 6.8). This finding can be well explained by the pectin 378 matrix properties. The initial slower release rate at pH 1.2 is due to the lower swelling ratio of the 379 pectin matrix at acidic conditions, due to the high proportion of unionized carboxylic groups. After a 380 certain time period, the swelling effect decreases likely due to matrix degradation (Sriamornsak, 2003 ) 381
and drug-pectin interaction should govern the drug release. Due to the small particle size of the 382 aerogel microspheres, swelling and water uptake studies were not able to be carried out to confirm this 383 effect, in contrast to other studies with small aerogel monoliths or gel beads both falling in the size 384 range of few milimeters (Betz, García-González, Subrahmanyam, Smirnova & Kulozik, 2012; Del 385
Gaudio, Colombo, Colombo, Russo & Sonvico, 2005), which can be both weighed or measured in a 386 straightforward way. This behavior of pectin supports the final faster release rate of ketoprofen 387 compared to that observed at pH 6.8 conditions. Accordingly, the kinetic coefficient obtained for 388 pectin aerogels at pH 1.2 (k 2 =0.113 min -1 ) by the Gallagher Corrigan model is higher than that at pH 389 6.8 (k 2 =0.093 min -1 ). Moreover, F B value at pH 1.2 (86.81%) is much higher than at pH 6.8 (24.98%), 390 which is ascribed to the weaker ketoprofen-pectin interaction at pH 1.2 with respect to pH 6.8 due to 391 the change in the ionic forms of both ketoprofen and pectin at these two pH conditions. 392
The release behavior from starch aerogel microspheres of ketoprofen was compared to that of benzoic 393 acid. Both drugs have similar chemical functionalities and dissociation constant values (pKa 4.2 for 394 benzoic acid), but different molecular weights and dimensions. Moreover, the presence benzoic acid-395 amylose inclusion complexes may influence on the release behavior of the drug. Starch microspheres 396 loaded with benzoic acid showed the same release pattern at intestinal environment (pH 6.8) (Fig. 8)  397 as with ketoprofen, i.e. a burst release followed by a sustained release. Starch microspheres possess a 398 strong hydrophilic character and water uptake is considered to be the main controlling mechanism in 399 the initial burst period and the release period is complete within 30 min, as also reported by other 400 
Conclusions 415
Different types of biodegradable polysaccharide-based aerogel microspheres including alginate, pectin 416 and starch were evaluated regarding their feasibility to be used as drug carriers for life science 417 applications. The processing method used provides a suitable morphology of the micronized carrier 418 with improved product reproducibility, an amorphous drug-loaded delivery system with loadings in 419 the range of 11-24 wt.%, and an expected good physicochemical stability upon storage because of the 420 dry solid format of the formulation. Drug loading capacity was dependent on the specific surface area 421 and surface chemistry of the aerogels as well as on the drug-aerogel matrix chemical interaction. 422
Material hydrophilicity tests with a high-speed camera were suitable to unveil different erosion 423 mechanism of the aerogel in contact with aqueous medium depending on the aerogel origin (fast 424 erosion for pectin and alginate and slow erosion for starch aerogels). Release of ketoprofen from 425 alginate and pectin aerogel particles was sensitive to pH values of the aqueous medium (pH 1.2 or 6.8). 426 Namely, alginate aerogel microspheres showed accelerated drug release behavior at simulated gastric 427 pH conditions favoring ketoprofen dissolution at this point. The release profiles of the polysaccharide 428 aerogel microspheres are governed by one or two release mechanisms depending on the aerogel 429 matrix. This different drug release behavior observed for polysaccharide aerogel matrices opens up the 430 possibility of using these nanostructured materials as carriers for developing tailor-made drug release 431 profiles for oral applications. 
